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VOLTAGE REGULATION IN AN INTEGRATED CIRCUIT 

The invention relates to integrated circuits, and more specifically to regulation of the 
voltage applied to these integrated circuits. It notably can be applied to 
5 microprocessors used in computers. 

Integrated circuits, and notably microprocessors, comprise a great number of 
transistors formed by etching in various layers of silicon based materials. They have a 
variable power consumption, according to the task(s) carried out; it has been 

10 therefore suggested to use a voltage regulator to apply to an integrated circuit a 
voltage supplied by a voltage source. Figure 1 is a schematic view of the prior art 
voltage supply to an integrated circuit; it shows a voltage supply 1 , connected to an 
integrated circuit 3 through a voltage regulator 2. The purpose of the voltage 
regulator is to change the voltage applied to the integrated circuit, so as to comply 

1 5 with voltage transient specifications for the circuit. 

Figure 2 is a graph of voltage in an integrated circuit; it shows voltage as a function 
of time. In the example, the circuit is idle up to time tl , where it turns to intemal full 
activity. Voltage across the circuit is substantially constant and equal to the idle 

20 voltage value Vidle up to time t2; after time t2, voltage drops sharply, causing a 
transient response of the voltage regulator up to time t3. Around t3, the voltage 
regulator starts compensating the voltage drop by providing a higher voltage. Voltage 
then increases until reaching a full activity voltage VfuUactivity, around time t4. The 
areas hashed in figure 2 show the violations of the voltage specification due to 

25 voltage transient values. The time duration between t2 and t3 is mainly determined 
by on-board decoupling and is in the 1-10 microsecond range. The difference 
between times t4 and t3 is around 10-20 microseconds for a SOOKHz switching 
regulator, and is representative of the time necessary to regulate the voltage so as to 
cause it to increase again. 

30 

Voltage transient specifications - that is the difference between upper and lower 
admitted values between which voltage across the circuit should be maintained - are 
becoming lower together with etching resolution. Values around 50 mV are expected 
in a near future. On the contrary, power consumption in integrated circuit increases 
35 with the size of the circuits. As speed increases and supply voltage decreases, current 
changes are steeper and steeper, and also have an increasing amplitude. Present 
current range is from 10 to 15 A, while values firom 10 to 50 A are expected in a near 
future. 



Thus, there is a need for a solution allowing voltage specification to be respected for 
integrated circuits, notwithstanding increasing consumption and reduced voltage 
transient specifications. 

5 

A first solution proposed in the prior art ( see for instance LTC1709 datasheet on 
www.linear-tech.com) is to increase the switching fi-equency of the voltage regulator, 
or the number of phases of the voltage regulator; indeed, the duration of a violation 
of voltage specification after a given current surge is representative of the time 
10 constant of the voltage regulator. This solution decreases the duration of violation of 
voltage specification when the current varies; however, it cannot address the issue of 
amplitude of the voltage surges. In addition, this solution increases the cost of the 
voltage regulator in the case of a multiphase system, and is limited by MOSFETS 
performance and cooling in the case of a single phase / high fi*equency regulator. 

15 

Another known solution - described for instance in application note 69 entitled 
"LT1575 Ultrafast Linear Controller Makes Fast Transient Response Power 
Supplies" firom Linear Technology Corporation - is to use a better quality decoupling 
capacitor between the voltage regulator and the integrated circuit. The capacitors 
20 smoothen voltage surges whenever there is a change in the requested current. This 
solution reduces the amplitude of voltage variations; however, this solution also 
causes a problem of cost; in addition, c^acitors require large circuit areas; since the 
capacitors, in order to be effective, should be located as near as possible to the 
integrated circuit, this solution is thus limited in effect. 

25 

Thus, there is a peirticular need for a simple and effective solution to the problem of 
voltage treinsient specifications in integrated circuits. 

The invention provides a solution overcoming these problems. It provides a simple 
30 solution for limiting voltage transient specifications, while preserving space on the 
board near to the integrated circuit; in the case of microprocessors, the space on the 
motherboard near the microprocessor may then be used for purposes other than 
decoupling capacitors. The solution is also cost-effective, and does not substantially 
increase the cost of the voltage regulator. The solution of the invention is 
35 particularly adapted for high-speed and high power microprocessors; in this context, 
high speed should be construed as over 1000 MHz. 



More specifically, the invention provides a process for regulating voltage applied by 
a voltage regulator to an integrated circuit, comprising the steps of : 

- measuring instantaneous power consumption inside of the integrated circuit; and 

- regulating said voltage according to the measured instantaneous power. 

5 In one embodiment, in which the integrated circuit comprises at least two units, the 
step of measuring comprises sensing power consumption in at least two of said 
units, and computing instantaneous power consumption inside of the integrated 
circuit according to the sensed power consumption in said units. The step of sensing 
power consumption in a unit can, for instance, comprise detecting state changes in 
10 signals output by said unit. 

In preferred embodiments, the step of computing comprises weighting the power 
consumption sensed in said units; and adding the weighted power consimiption of 
said units. 

The step of regulating can comprise computing the derivative with respect to time of 
15 the measured instantaneous power, and regulating said voltage according to said .i 
computed derivative. 

In another aspect, the invention provides an integrated circuit comprising at least one 
unit provided with a sensor for measuring power consumption and a power 
calculation unit for receiving the power consumption measured by each of said 
20 sensors and computing a power consumption for the circuit. 

In preferred embodiments, said power calculation unit computes power consumption 
for the circuit by weighting the power consmnption measured by each of said sensors 
with weights; and by adding the weighted power consumption, and the weights are 
stored in S£iid integrated circuits. 

25 Such an integrated circuit operates in combination with a voltage regulator that is 
connected to said circuit £uid receiving the power consumption computed by power 
calculation unit. 



An integrated circuit embodying the invention will now be described, by way of non- 
limiting example, and in reference to the accompanying drawings, where 

figure 1 is a schematic view of the prior art voltage supply to an integrated 

circuit; 

5 - figure 2 is a graph of voltage across a prior art integrated circuit; 

- figure 3 is a schematic view of an integrated circuit according to the invention, 
with its voltage regulator; 

figure 4 is a graph of voltage across an integrated circuit according to the 
invention 

10 - figure 5 is a schematic view of a circuit for measuring a change of state. 



The invention is described below in reference to a preferred embodiment, where it 
applies to microprocessors. It may of course equally be applied to other types of 
15 circuits. 



According to the invention, instantaneous power consumption inside of the integrated 
circuit is measured, and the voltage regulator is driven according to the measured 
power consumption. It relies on the fact that instantaneous power consumption, as 

20 measured inside of the integrated circuit, will provide an estimate of the necessary 
voltage, even before this voltage is requested by the circuit. In other words, the 
invention takes advantage of the fact that a certain amount of time is necessary for a 
current surge to propagate inside an integrated circuit, firom the transistors being 
switched at a given time, to the power plane of the integrated circuit; this delay is 

25 caused by local decoupling — smoothing effect — and by intemal inductance inside 
the integrated circuit. Advantage is taken of this delay to warn the voltage regulator 
of the upcoming current surge. 

Figure 3 is a schematic view of an integrated circuit , with its voltage regulator. In the 
30 exemplified embodiment, the circuit is a processor 13, with a number of intemal 
units; figure 3 shows two arithmetic and logic units 14 and 16, a MPEG unit 18, a 
cache tag 20, and a prefetch unit 22. These are but examples of the units that may be 
comprised in an integrated circuit. According to the invention, the units of the 
integrated circuit (or only part of these units) are provided with sensors for measuring 
35 power consumption at a given time. Figxire 3 shows sensors for each 15, 17, 19, 21 
and 23 for respectively sensing power consumption in arithmetic and logic units 14 
and 16, MPEG unit 18, cache tag 20, and prefetch unit 22. 



5 



The results output by the sensors is provided to a power calculation unit 25. This unit 
computer a estimate of power consumption for the integrated circuit, based on the 
results provided by the sensors. Computation of the power consumption for the 
integrated circuit is discussed below. The computed power consumption is forwarded 
5 to the voltage regulator 27 driving the integrated circuit. 

Measuring power consumption inside of the integrated circuit, instead of relying on 
the voltage drop at the voltage regulator makes in possible for the voltage regulator to 
precompensate the increase of power consumption, as explained in reference to 
10 figure 4. 

Figure 4 is a graph of voltage across the integrated circuit of figure 3, As in the 
example of figure 2, the circuit is idle up to time tl, where it turns to internal fiill 
activity. Voltage across the circuit is substantially constant and equal to the idle 

15 voltage value Vidle up to time tl; shortly after this time, an increase of power 
consumption is detected by the sensors of the units of the integrated circuit. Power 
consumption for the whole integrated circuit is computed by power calculation unit 
25 and is transmitted to the voltage regulator even before actual power consumption 
rises. Typically, the time necessary for computing and transmitting the power 

20 consumption is of the order of one or several tenth of microseconds; this time is 
representative of the computation time in a limited number of transistors of the 
integrated circuit. The corresponding power surge is likely to occur after a time of 
the order of several microseconds, as discussed in reference to figure 2. 

25 Thus, the voltage regulator may increase the voltage applied to the integrated circuit, 
before the actual power surge. This can be seen in figure 4, inasmuch as voltage 
across the integrated circuit actually rises above Vidle, after time tl and up to time t5. 
The voltage regulator precompensates the power request by the integrated circuit. At 
this stage, the voltage regulator preferably starts increasing the voltage as soon as a 

30 signal fi-om the integrated is received. This may be ensured by simply shorting the 
voltage regulator upon receiving a signal firom the integrated circuit. Thus, expensive 
changes to the voltage regulator are not required, and it may be sufficient to provide 
a pair of linear ultra-fast transistors separately from the switching regulator of the 
prior art. In addition, due to fact that these compensation transistors operate with a 

35 very low duty cycle, any thermal effect is not a limiting factor. 



At time t5 actually requested by the integrated circuit increases. Voltage across the 
circuit then drops, up to time t6. This drop of voltage is caused by the sharp increase 
of the power requested by the integrated circuit. 

5 After time t6, the voltage across the circuit increases again, as the voltage regulator 
continues provides an increasing voltage, up to time t7, where voltage reaches a 
stable value around Vfiillactivity . 

Figure 4 shows that transient response is better than in the prior art : the difference 
10 between the actual voltage and the target voltages Vidle and Vfiillactivity is lower 
than the one of figure 2. Voltage specifications may thus be respected. 

The duration between t5 and t7 - that is between the beginning of voltage 
compensation and full voltage compensation - is similar to the duration t4 - 13 in the 
15 prior art regulator of figure 2. This shows that the voltage regulator of figure 4 does 
not need to have a higher switching frequency, or a higher number of phases in order 
to provide a better regulation of the voltage. Implementation of the invention, 
contrary to prior art solutions, therefore does not cause any increase in the cost of the 
regulator. 

20 

The invention was discussed in figure 4 in reference to an increase of power 
consumption, the integrated circuit turning from an idle state to a full activity; it 
applies more generally to any change in power consumption of the integrated circuit, 
and notably to a drop of power consumption. 

25 

Sensing and computing of power consumption in the integrated circuit are now 
discussed. In order to sense power consumption in a unit of the integrated circuit, this 
embodiment takes advantage of the fact that power consumption in integrated circuits 
is a function of the number of transistors switching from one state to the other. Power 

30 consumption may thus be measured by simply detecting at a given time the number 
of state changes in the unit. This may be carried out by using a circuit of the type 
represented in figuj-e 5. This figure is a schematic view of a circuit for measuring a 
change of state of a signal. The signal is derived is applied to a buffer 30, and to one 
input of an exclusive-OR gate 32. The output of buffer 30 is applied to the other 

35 input of the exclusive-OR gate. The exclusive-OR gate is clocked. The output of the 
exclusive-OR gate is representative of a change of state of the signal. Sensors 15, 17, 
19, 21 and 23 may comprise a number of circuits similar to the one of figure 5, 
sensing changes of state in the input or output signals to the respective unit. The 



outputs of the different exclusive-OR gates are applied to a comparator or adder for 
determining the total number of changes of states of the input or output signals to the 
unit. This embodiment relies on the fact that for a unit of the integrated circuits, 
changes of state of the input or output signals is representative of the number of 
5 transistors switching within the imit; the changes of state of the input or output 
signals may therefore be used for sensing power consumption within the imit. 

Of course, any other suitable method may be used measure instantaneous power 
consumption, for instance power consumption in the unit could also be sensed by a 
10 simple line or bus indicating the actual level of activity in the unit. 

Computing of power consumption in the power calculation unit 25 is now discussed. 
As stated above, the power calculation imit receives from the sensors of the units of 
the integrated circuit the sensed power consumption at a given time; this information 

15 is indicated in figure 3 as il to i5. Power consumption is computed for the whole 
circuit based on the sensed power consumption for each imit. The information 
provided for each of the imits may be added. It is however a preferred embodiment of 
the invention that this information be weighted, so that the total power consumption 
itot is computed as : 

20 itot = al .il + a2.i2 + a3.i3 + a4.i4 + aS.iS 

where al to a5 are coefScients representative of the weight of each unit in the 
consumption of the integrated circuit. These coefficients may be fixed at the time the 
circuit is created, e.g. according to the number of transistors in each unit, or 
according to tests of actual power consumption of the integrated circuit. Else, as 

25 shown in figure 2, the coefficients or weights may be stored in the integrated circuit 
and amended to reflect operation of the circuit. In the case of a microprocessor, the 
coeflRcients could be stored in a static RAM 26 of the processor. This allows 
computation of power consumption to be adapted to the circuit, or to the operation of 
the circuits, simply by changing the coefficients. Where the invention is used for a 

30 microprocessor in a computer, the coefficients could thus be downloaded at boot time 
for more flexibility. At the initialization time, most of the units inside the cpu such as 
cache, FPU or MPEG unit are not actually activated, so default values of {al, ...a5} 
coefficients can be used. Computation of power consimiption may take into account 
all units of the integrated circuit, or simply a number of such units that are 

35 representative of the operation of the complete circuit. 



In the example of figxire 3, the power computation unit provides a signal itot 
representative of the power consumption for the whole circuit. It is also possible to 
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provide to the voltage regulator a signal representative of the derivative of this power 
consumption with respect to time ditot/dt. This derivative is representative of the 
changes of power consumption, and could provide a more accurate driving of the 
voltage regulator. It is also possible to add a delay factor to model some specific 
5 silicon behaviour. 

Although the invention has been explained in reference to preferred embodiments, it 
should be imderstood that it is not limited to these embodiments, and that various 
changes or modifications can be contemplated by the person skilled in the art, 
10 without departing firom the invention, as determined by the appended clEiims. For 
instance, in the description of preferred embodiment, no reference was made to 
coupling capacitors; such capacitors may of course be used in a system according to 
the invention, be it only for increasing the reaction time of the voltage regulator. 



CLAIMS 



A process for regulating voltage applied by a voltage regulator (27) to an 
integrated circuit (13), comprising the steps of : 

- measuring instantaneous power consumption inside of the integrated circuit; 
and 

- regulating said voltage according to the measured instantaneous power. 

The process of claim 1, wherein the integrated circuit comprises at least two wits 
(14, 16, 18 20, 22) and wherein the step of measuring comprises : 

- sensing power consumption in at least two of said units, and 

- computing instantaneous power consumption inside of the integrated circuit 
according to the sensed power consumption in said units. 

The process of claim 2, wherein the step of sensing power consumption in a unit 
comprises detecting state changes in signals output by said unit. 

The process of claim 2 or 3, wherein the step of computing comprises : 

- weighting the power consumption sensed in SEiid imits; and 

- adding the weighted power consumption of said units. 

The process of one of claims 1 to 4, wherein said step of regulating comprises : 

- computing the derivative with respect to time of the measured instantaneous 
power, and 

- regulating said voltage according to said computed derivative. 

An integrated circuit (13) comprising at least one imit (14, 16, 18 20, 22) 
provided with a sensor (15, 17, 19, 21, 23) for measuring power consumption and 
a power calcidation unit (25) for receiving the power consumption measured by 
each of said sensors and computing a power consumption for the circuit. 

The circuit of claim 6, wherein said power calculation imit computes power 
consumption for the circuit by weighting the power consumption measured by 
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each of said sensors with weights; and by adding the weighted power 
consumption, and wherein the weights are stored in said integrated circuits. 

8- The circuit of claim 6 or 7, wherein said sensor (15, 17, 19, 21, 23) detects state 
change in signals output by said unit. 



5 
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A combination of a circuit according to claim 6, 7 or 8 with a voltage regulator 
(25), said voltage regulator being connected to said circuit and receiving the 
power consumption computed by power calculation imit (25). 



11 

ABSTRACT 

VOLTAGE REGULATION IN AN INTEGRATED CIRCUIT 

5 The invention relates to power regulation of integrated circuits such as 
microprocessors. It suggests measuring instantaneous power consumption inside of 
the integrated circuit (13), by sensing state changes of the transistors of the units (14, 
16, 18 20, 22) of the circuit. Based on the sensed power consumption, an 
instantaneous power consumption for the whole circuit may be computed and 
10 transmitted to a voltage regulator (27). The voltage regulator changes the voltage 
according to the computed power consumption; the regulator may thus 
precompensate power surges, and limit voltage transients. 

Figure 3. 

15 
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